Coupling light into graphene plasmons with the help of surface acoustic waves by Schiefele, Jürgen et al.
Coupling light into graphene
plasmons with the help of surface
acoustic waves
Ju¨rgen Schiefele
Jorge Pedro´s
Fernando Sols
Fernando Calle
Francisco Guinea
Universidad Complutense Madrid | Universidad Polite´cnica de Madrid | Campus
de Excelencia Internacional (Moncloa UCM-UPM) | ICMM (CSIC) Madrid
Ju¨rgen Schiefele Coupling light into graphene plasmons with SAWs
Graphene plasmon dispersion
Screening: dielectric
function (k , ω)
[Wunsch et al., NJP 2006]
[Hwang&Das Sarma, PRB
2007]
Plasmon dispersion: Set (k, ω) = 0
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A switchable grating for plasmon laser coupling
Electrically excite a
diffraction grating.
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Graphene on a polar substrate – plasmon hybridization
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FIG. S 1: Graphene loss function on SiO2 substrate. Calculated RPA loss function
￿ ￿1/￿rpaT ￿, including interactions with the intrinsic and SiO2 substrate phonons. Graphene doping
is assumed to be Ef = −0.43 eV and an eﬀective ￿env = 1.5. Shaded regions represent the intra-
band Landau damping regime i.e. ￿ω/Ef < q/kF . Dashed line on the left plot is calculated from
the classical plasmon dispersion ω2pl = e
2qvFkF /(2π￿￿0￿env). The frequencies of the various phonon
modes are assumed to be at ωop = 1580 cm
−1, ωsp1 = 806 cm−1 and ωsp2 = 1168 cm−1. The lifetime
associated with the phonons used in these plots are τop = 70 fs, τsp1 = 0.5 ps and τsp1 = 0.2 ps.
Calculations include damping of single particle excitations δe as described in the Suppl. info. text.
The coupling parameters used are g0 = 7.7 eVA˚
−1, F2sp1 = 0.2meV and F2sp2 = 2meV.
36
Taken from
[Yan et al., arXiv:1209.1984]
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Laser–plasmon resonance
Plasmon dispersion (on SiC): Resonance condition:
EF = 0.4 eV
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Laser–plasmon resonance
Plasmon dispersion (on SiC): Resonance condition:
EF = 0.4 eV
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SAW assisted plasmon launching – in noble metals
periments, several constraints have to be considered. SAWs
of larger period and correspondingly lower frequency lead to
larger surface ripples favorable for SPP excitation. At the
same time larger grating periods demand for larger off-
normal angles of incidence and/or larger optical wavelengths
!cf. Eq. "2#$. In this study, a grating period of %8 !m in
combination with near-infrared radiation from a Ti:sapphire
laser turned out to be a good compromise. In particular, our
device contains gold IDTs with 50 finger pairs and 4 !m
electrode separation to excite SAWs with a wavelength of
8 !m. Each electrode is 800-nm-wide and 250-!m-long.
1.7 mm from the IDT, a 300"250 !m2 and 40-nm-thick
gold film "on 10 nm Ti adhesion layer# is deposited directly
on the substrate.
A home-built femtosecond Ti:sapphire laser is used as a
broadband light source covering a spectral range from 870 to
970 nm.7 Both the sample mounting and the fiber-based de-
tection optics are implemented on a #-2# stage to facilitate
angular scans. Polarization optics controls the linear polar-
ization state of the laser-pulse train with respect to the plane
of incidence "TM and TE polarization#. The sample is ori-
ented such that the propagation direction of the SAWs coin-
cides with the plane of incidence. The light is weakly fo-
cused on the sample with a spot size slightly smaller than the
dimensions of the gold film, giving rise to an angular reso-
lution of 0.7° Spectral selection is provided either by band-
pass filters with full width half maximum "FWHM# 10 nm
width or by dispersing the reflected light in a grating spec-
trometer with 3.5 nm resolution. We use lock-in-detection
referenced to a 2 kHz amplitude modulation of the SAWs
driven by a high-power RF generator. Essentially, this
scheme extracts the SAW-induced reflectivity change in the
gold film.
A two-dimensional representation of the reflectivity
changes as a function of the angle of incidence and optical
wavelength is presented in Fig. 1"b#. For this set of data, the
entire laser spectrum is used and the reflected light is ana-
lyzed in the spectrometer. The RF frequency is
f =490.276 MHz and a power of P=13 mW is applied to
the device. While the result for TE polarized light is rather
unstructured, the difference of the signals for TM and TE
polarizations displayed in Fig. 1"b# shows a pronounced
negative peak with an angular position that changes with
wavelength. As will be corroborated by further results below,
this dip points to the coupling of free-space radiation to SPP
modes mediated by the SAW-induced grating. We note that
the negative %10−4 signals directly prove missing reflected
light for TM polarization as expected for SPP excitation. The
observed spectral linewidth of the SPP resonance is
$%&60 nm. However, such a broad linewidth is not unex-
pected since we use a gold thin film. Model calculations for
40 nm gold on a dielectric substrate indicate the width of the
SPP resonance to increase by a factor of three compared to
bulk gold. In addition, SPP attenuation is very sensitive to
surface roughness which in part is related the roughness of
the optically polished substrate.
Figure 1"b# also shows the expected dispersion of the
resonance angle according to Eq. "2# and m=1 which agrees
reasonably well with the experimental trend. The dielectric
function for gold used for the calculation of kSPP in Eq. "1# is
derived from a Drude fit to experimental data8 while the
grating periods in Eq. "2# are determined from diffraction
experiments detailed below. At first glance, the grating pe-
riod is given by the wavelength of the driving SAW accord-
ing to &G=vS / fSAW, which, using vS=3977 m /s,9 yields
&G=8.112 !m. In the experiment, we directly measure the
grating period on the gold film by analyzing the angular
position of the first-order diffracted beam. For the given pa-
rameters we find &G=7.57 !m, i.e., considerably smaller
than expected. This phenomenon is caused by the metallized
surface where the sound velocity is reduced due to electric
short circuiting and mass loading.10 The velocity change $v
is directly related to the electromechanical coupling coeffi-
cient via K2=2$v /vS. The corresponding sound velocity of
3711 m/s is in good agreement with previous results.11–13
The remaining angular discrepancy in Fig. 1"b# probably re-
sults from a resonance shift induced by the finite film thick-
ness and surface roughness.14
A more detailed picture of the angular dependence of the
SAW-induced reflectivity changes for both TE and TM po-
larization is displayed in Fig. 2"a#. For this set of experi-
ments, the incident light is filtered with a bandpass at 940 nm
"FWHM 10 nm#. A RF signal with a frequency of
f =491.032 MHz and a power of P=20 mW is applied to
the launching IDT. The TE results vary only modestly with
the angle of incidence. In marked contrast, we observe
prominent dips in the TM reflectivity changes at angles of
#=63.7° and #=49.8°. While the former resonance is con-
sistent with the results shown in Fig. 1"b#, the latter reso-
nance is also indicative of SPP launching via a more com-
plex mechanism. In particular, the resonance position is close
FIG. 1. "Color online# "a# Scheme of a SAW driven plasmon
launcher: an RF voltage is applied to an interdigital transducer and
generates surface acoustic waves that deform a metal film on top.
This grating enables to convert free-space radiation "k!0# into propa-
gating SPP modes "k!SPP#. "b# Difference of the normalized TM and
TE reflectivity changes related to the SAW-induced grating. Solid
line: theoretical prediction for the angular/spectral dependence of
the resonance according to Eq. "2# and m=1.
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Other functionalities – plasmon focusing
1  
SAW-­‐assisted  plasmon  generation  &  devices      
SAW  strain-­‐induced  dynamic  grating    
? No  patterning  required      
? Standard  spectroscopy  set-­‐up  
? Large  area  generation  
? Scalable  and  suitable  for  devices  
? Switchable  plasmon  launcher  
? Several  plasmonic  circuits  based    
            on  IDT  technlogy  are  foreseen  
Ruppert et al., Phys. Rev. B 82, 081416 (2010)  
Lima et al., Rep. Prog. Phys. 68, 1639 (2005)  
Yin et al., Nano Lett. 5, 1399 (2005)  
Focusing array  
Waveguide 
[Lima et al., Rep. Prog. Phys. 2005]
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Focusing array  
Waveguide 
[Yin et al., Nano Lett. 2005]
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Summary
SAWs generate dynamic gratings for far-field
plasmon excitation.
No graphene patterning involved.
Switchable plasmon launcher.
IDT technology and SAW interference enables
complex plasmonic functionalities.
Ju¨rgen Schiefele Coupling light into graphene plasmons with SAWs
Graphene on a polar substrate – plasmon hybridization
Remote phonon scattering
Graphene
polar substrate HinsulatingL
k-q
q
k
Graphene carriers couple to
optical substrate phonons.
[Mori&Ando, PRB 1989]
[Fratini&Guinea, PRB 2007]
[Schiefele et al., PRB 2012]
Screening & dielectric function
Setting (k , ω) = 0 yields
hybridized plasmon - phonon
dispersion.
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